Abstract
Introduction

Materials and Methods
To determine the kinetic parameters of individual enzymatic reactions of the pentose phosphate 66 pathway, isoenzymes were purified as described previously [Malys et al., 2011] . Spectrophotomet-67 ric assays were then performed for most of the isoenzymes, following a similar strategy to [Messiha 68 et al., 2011 , Smallbone et al., 2013 . Enzymes were assayed spectrophotometrically through de-69 tection of NADPH or NADH, by using coupling reactions where needed, with the exception of 70 ribulose-5-phosphate-3-epimerase (RPE1) and ribose-5-phosphate ketol isomerase (RKI1) which 71 where assayed using circular dichroism (CD, [Kochetov et al., 1978] ). Spectrophotometric assays 72 were coupled with enzyme(s) in which NADH or NADPH is a substrate or product so that its 73 consumption or formation could be followed spectrophotometrically at 340 nm, using an extinc-74 tion coefficient of 6.62 mM −1 cm −1 . This is unless the reaction of a particular enzyme consumes 75 or produces NADH or NADPH, in which case no coupling enzymes were needed.
76
Absorbance measurements were carried out with a BMG Labtech NOVOstar plate reader burg, Germany) in 384-well format plates in a 60 µl reaction volume. All assays were performed 78 in a standardised reaction buffer (100 mM MES, pH 6.5, 100 mM KCl, and 5 mM free magnesium 79 in the form of MgCl 2 ) at 30
• C and were automated so that all reagents in the reaction buffer (in-
80
cluding any coupling enzymes) are in 45 µl, the enzyme (to be assayed) in 5 µl and the substrate in 81 10 µl volumes as described in [Messiha et al., 2011] . For each individual enzyme, both the forward 82 and the reverse reactions were assayed whenever possible.
83
Assays for each enzyme were either developed or modified from previously published methodology 84 to be compatible with the conditions of the assay reactions (e.g. pH compatibility or unavailability 85 of commercial substrates). The assay conditions used for each enzyme were as follows:
86 6-phosphogluconate dehydrogenase GND1 and GND2 were assayed in the reaction buffer 87 in the forward reaction by direct measurement of the production of NADPH as in [He et al., 2007] .
88
The kinetic parameters for each isoenzyme were determined by varying the concentration of each 89 substrate (6-phosphogluconate and NADP) at fixed saturated concentration of the other.
90
6-phosphogluconolactonase SOL3 and SOL4 were assayed in the reaction buffer exactly ac-91 cording to [Schofield & Sols, 1976] .
92
Transaldolase TAL1 and NQM1 were assayed in the reaction buffer in the forward and reverse 93 directions according to [Tsolas & Joris, 1964 , Wood, 1972 . Since sedoheptulose 7-phosphate
94
was not available commercially, we obtained its barium salt synthesised by Chemos GmbH, and 95 converted it to the sodium salt just prior to assay, according to [Charmantray et al., 2009] .
96
Transketolase TKL1 and TKL2 were assayed for both of their participatory reactions in the 97 reaction buffer in the forward and reverse directions according to [Datta & Racker, 1961, Kochetov, 98 1982]. The kinetic parameters were determined by varying the concentration of each substrate at 99 a fixed saturated concentration of the other for the forward and reverse reactions.
100
Glucose-6-phosphate dehydrogenase ZWF1 was assayed in the reaction buffer in the forward 101 reaction by direct measurement of the production of NADPH according to [Gould & Goheer, 1976] .
102
Ribose-5-phosphate ketol-isomerase RKI1 was assayed for the forward and reverse reac-tion by CD measurements [Kochetov et al., 1978] . The assay was developed based on the fact 104 that ribulose-5-phosphate has a maximum absorbance at 278 nm, with a measured coefficient of
105
-2.88 m • mM −1 mm −1 , and ribose-5-phosphate has an absorbance at 278 nm with a measured coef-106 ficient of -0.131 m • mM −1 mm −1 . The data were collected in 400 µl in a 1 mm path length cuvette.
107
In both directions, the change in CD angle θ at 278 nm was used to calculate the rate of reaction.
108
D-ribulose-5-phosphate 3-epimerase RPE1 was assayed for the forward and reverse reaction 109 by CD measurements. The assay was developed and modified from [Karmali et al., 1983] . Ribulose- Table 1 ).
117
Whilst most of the assay methodologies performed here were reported previously, the CD measure-118 ments for ribose-5-phosphate ketol-isomerase and D-ribulose-5-phosphate 3-epimerase were newly 119 developed for this study.
120
Proteomics
121
We attempted to measure the absolute quantities of all isoenzymes in this pathway through the
122
QConCAT technology [Benyon et al., 2005] . Total cell protein was extracted from turbidostat 123 yeast cultures as described earlier [Carroll et al., 2011] . Data analyses were performed using the
124
PrideWizard software [Swainston et al., 2011 ] (see Table 2 ). Concentrations were then calculated 125 from copy number using a typical cytoplasmic volume of 5 fl [Smallbone et al., 2013] .
126
Model construction
127
From a modelling perspective, the enzyme kinetic constants and protein concentrations represent 128 the parameters of the system, while the metabolite concentrations (Table 3) showed no activity after purification (see Table 1 ). Any missing kinetic parameters were taken 151 from previous models [Vaseghi et al., 1999 , Ralser et al., 2007 , or given initial estimates using 152 typical values (kcat = 10 s −1 , Km = 0.1 mM, [Bar-Even et al., 2011 , Smallbone & Mendes, 2013 ).
153
Only four of the isoenzymes (Gnd1, Sol3, Tal1 and Tkl1) were detected using the QConCAT pro-154 teomic approach. In the case of Gnd1/Gnd2 and Tal1/Nqm1, only the most abundant isoenzyme 155 was detected in each case, and it is likely that the expression level the less abundant isoenzyme was 156 not necessarily zero but at least it was below the detection limit. The remaining three undetected 157 enzymes (Rki1, Rpe1 and Zwf1) were found in a previous study ([Ghaemmaghami et al., 2003 ], 158 detailed in Table 2 ). Moreover, these are soluble cytoplasmic proteins, so we can assume they
159
were likely present in the extracted protein preparations (rather than sequestered to membranes,
160
and subsequently lost as insoluble material). There are two possible explanations for the fail- 
164
There is a discrepancy between the TAP-tagged published data [Ghaemmaghami et al., 2003] 165 and the QconCAT quantifications described here, with our study reporting twenty-fold higher 
179
Given these discrepancies, using the data from [Ghaemmaghami et al., 2003] was not quantified (Gnd2, Nqm1), the same ratio was maintained as as in [Ghaemmaghami et al., 182 2003] (i.e. we use the same proportions of the two isoenzymes). For the remaining three undetected 183 enzymes (Rki1, Rpe1, Zwf1) the value reported in that study was multiplied by twenty to provide 184 an initial estimate.
185
Glucose pulse
In an earlier study [Vaseghi et al., 1999] , changes in G6P concentration following a glucose pulse 187 were found to follow the empirical function 188 G6P = 0.9 + 44.1 t 48.0 + t + 0.45 t 2 , where t represents time in seconds.
189
We used this function as an input representing a glucose pulse, and compared the model's predicted 190 changes in NADPH and P6G concentration with the experimental observations of [Vaseghi et al., 191 1999] (see Figure 3) .
192
Whilst the present model contains many parameters that were measured under standardised condi-193 tions, a few parameters were not possible to determine experimentally and were therefore obtained 194 from the literature. We thus employed the fitting strategy set out in [Smallbone et al., 2013] Table 5 ) to provide the match seen in a typical oxidative stress agent [Godon et al., 1998 ].
216
The results of these simulations are presented in Table 6 . They show that seven of the eight 217 qualitative changes in metabolite concentrations are correctly predicted by the model. A difference 218 between the experimental data and the predictions was only observed for the metabolite glycerol 219 3-phosphate (G3P), where the simulation predicts a small increase, but experimentally we observe 220 a small decrease.
221
As the qualitative predictions reasonably matched the experimental data set, we moved on to 222 calculate the influence of oxidative stress on carbon flux. Experimental measurements show that, 223 in aerobic growth conditions on glucose minimal medium, PPP activity accounts for approximately 224 10% of the total consumption of glucose [Blank et al., 2005] . This is reasonably consistent with 225 our simulations' prediction that the ratio of fluxes into PPP (via ZWF) and into glycolysis (via 226 PGI) is 1:18, or 6%. Under oxidative stress conditions, our simulations predict that the ratio of 227 fluxes into PPP and into glycolysis increases two-fold, corroborating the hypothesis that oxidative 228 stress leads to a redirection of the carbohydrate flux [Ralser et al., 2007] .
229
Control analysis
Metabolic control analysis (MCA) is a biochemical formalism, defining how variables, such as 231 fluxes and concentrations, depend on network parameters. It stems from the work of [Kacser & 232 Burns, 1973] and, independently, [Heinrich & Rapoport, 1974] . In Table 7 (a), we present the flux 233 control coefficients for the (fitted) PPP model. These are measures of how a relative change in 234 enzyme activity leads to a change in steady state flux through the system. For example, from 235 the third row of the table, we predict that a 1% increase in GND levels would lead to a 0.153% 236 decrease in RPE flux.
237
The table shows us that control of flux into the pathway (via ZWF) is dominated by ZWF, SOL,
238
GND and NADPH oxidase (the latter representing all processes that oxidise NADPH). Returning overall control, and as such we would expect fluxes through the pathway to be highly dependent 244 on growth rate and stress levels.
245
In the oxidative stress simulation the control distribution changes, as presented in Table 7 (b). The 246 main observation from these data is that the control of the pathway input flux by the NADPH 247 oxidase is now much lower -this is somewhat expected since the rate of this step increased 100× 248 and thus became less limiting. Less intuitive is the reduction of overall control of the network by 249 RKI (the reaction that produces ribose 5-phosphate, which is then used for nucleic acid biosyn-250 thesis). However this result implies that, under oxidative stress, the PPP is essentially insensitive 251 to the "pull" from ribose use for nucleic acid synthesis, which agrees with the observation that 252 growth is arrested under these conditions.
253
Discussion
The pentose phosphate pathway, depicted in Figure 1, We may have more confidence in our model, whose parameters were determined under standardised 277 conditions. We thus use the model to study the response of the pentose phosphate pathway to a 278 glucose pulse (Figure 3) . We go on to use model to study the combined response of glycolysis and
279
PPP to oxidative stress, and find that a considerable amount of flux is rerouted through the PPP.
280
Our modelling approach also reveals a discrepancy between the observed change in G3P levels 281 following stress cannot be predicted by current understanding of glycolysis and PPP; following 282 the "cycle of knowledge" [Kell, 2006] , it is of interest to direct future focus towards glycerol 283 metabolism in order to improve the accuracy of this model.
284
It is important to highlight that we were not able here to quantify the concentration of all enzymes 285 in the pathway, thus having to rely on crude estimates. 
